Thymosin β4 (Tβ4), a G-actin binding protein, has diverse biological functions. This study tested the effects of Tβ4 on oligodendrogenesis in a rat model of intracerebral hemorrhage (ICH). ICH was induced by stereotactic injection of 100 µm of autologous blood into the striatum in 32 male Wistar rats. The rats were randomly divided into four groups: 1) saline control group (n = 8); 2) 3 mg/kg Tβ4-treated group (n = 8); 3) 6 mg/kg Tβ4-treated group (n = 8); and 4) 12 mg/kg Tβ4-treated group (n = 8). Tβ4 or saline was administered intraperitoneally starting at 24 h post ICH and then every 3 days for 4 additional doses. The neurological functional outcome was evaluated by behavioral tests (i.e., modified Neurological Severity Score and corner turn test) at multiple time points after ICH. Animals were sacrificed at 28 days post ICH, and histological studies were completed. Tβ4 treatment improved neurological functional recovery significantly and increased actively proliferating oligodendrocytic progenitor cells and myelinating oligodendrocytes in the ICH-affected brain tissue, compared with the saline-treated group. The high-dose treatment of Tβ4 showed better restorative effects compared with the low-dose treatment. Tβ4 treatment enhanced ICH-induced oligodendrogenesis that may contribute to the enhanced functional recovery after ICH. Further investigation is warranted to determine the associated underlying mechanisms of Tβ4 treatment for ICH.
Introduction
Current clinical treatment strategies for intracerebral hemorrhage (ICH), a particularly devastating form of stroke, emphasize improved functional recovery of the patient [1] . The neurological functional deficits after ICH are caused by damage to both gray matter (neurons and astrocytes) and white matter (axons and myelin-producing oligodendrocytes) [2] [3] . Injured oligodendrocytes do not form new myelin sheaths and mature oligodendrocytes do not proliferate in the adult brain [4] . Loss of oligodendrocytes and their myelin impairs axonal function [5] . Therefore, increased oligodendrogenesis could be a crucial step during the recovery process as new oligodendrocytes from oligodendrocytic precursor cells (OPCs) are required to form myelin sheaths for sprouting axons after ICH [2] [6] .
Thymosin β4 (Tβ4) has multiple biological functions in addition to its actin-binding properties [7] - [10] . It inhibits inflammation and apoptosis, and promotes regeneration in the skin, cornea and heart [11] [12] . In murine models of experimentally induced myocardial infarction (MI), exogenous Tβ4 promotes the survival of cardiomyocytes and restores cardiac function [13] . These cardioprotective effects may be attributed to Tβ4 stimulating vasculogenesis, angiogenesis and arteriogenesis by mobilizing, recruiting and promoting the differentiation of progenitor cells [14] . Tβ4 is widely distributed in the mammalian central nervous system [15] [16] . It is expressed in most neural cell types of the developing brain and in a subset of neurons and microglia [17] - [19] . Exogenous Tβ4 has been demonstrated to benefit the recovery of animals after ischemic stroke, traumatic brain injury (TBI), and experimental autoimmune encephalomyelitis (EAE) by stimulating OPCs [18] [20] [21] . In this study, we employ an animal model of ICH to investigate the effect of Tβ4 on functional recovery and particularly on oligodendrogenesis.
Materials and Methods

Experimental Model
All studies were approved by the Institutional Animal Care and Use Committee of Henry Ford Hospital (IACUC No. 1243). Young adult male Wistar rats (n = 32, weighing 270 -330 g) were used. Primary ICH was induced by direct infusion of autologous whole blood into the striatum region adjacent to the subventricular zone (SVZ) [22] - [24] . The autologous blood-injection model of ICH has been well-defined and reproducible in our laboratory.
Experimental Protocols
At 24 h post-ICH, the animals were randomly assigned into four groups: 1) saline control group (n = 8); 2) 3 mg/kg Tβ4-treated group (n = 8); 3) 6 mg/kg Tβ4-treated group (n = 8); and 4) 12 mg/kg Tβ4-treated group (n = 8). The Tβ4 provided by RegeneRx Biopharmaceuticals, Inc. (Bethesda, MD) is a synthetic copy of the naturally occurring 43-amino acid peptide. Tβ4 was dissolved in saline and administered intraperitoneally starting at 24 h post-ICH and then every 3 days at 4 additional identical doses. The same volume of saline was used as a control group using the identical protocol as those treated with Tβ4. This dose of 6 mg/kg Tβ4 has been shown to increase neurogenesis in ischemic brain and TBI in a previous animal study [25] [26] .
To detect proliferating cells, 5-bromo-2-deoxyuridine (BrdU, 100 mg/kg; Sigma-Aldrich Co., St. Louis, MO) was injected intraperitoneally into rats once daily for 14 days, starting 1 day after injury. All rats were sacrificed at 28 days after ICH. For testing HP expression, 6 additional animals were added. Three rats were treated with 12 mg/kg Tβ4 and 3 rats were treated with saline. These rats were sacrificed at 7 days for ELISA.
Neurobehavioral Testing
Functional outcome was assessed using a cornering test and mNSS at days 1, 4, 7, 14, 21 and 28 after ICH. The cornering test measures the number of times that an animal turns to the right or left when placed in a corner (the normal state being 50%) [27] . The mNSS-a composite of motor, sensory, balance, and reflex measures-is used to assess neurological functions using a 0 -18 scale, with higher scores implying greater neurological injury [28] .
Immunohistochemistry
At the 4 th week post ICH and after completed functional tests, the animals were anesthetized using ketamine (44 mg/kg) and xylazine (13 mg/kg intraperitoneally) and perfused transcardially with PBS, followed by 4% paraformaldehyde in PBS. The intact brain was immediately removed and immersed in fixative overnight. The brains were embedded in paraffin and were cut into seven equally spaced (2 mm) coronal blocks. Six micrometer-thick sections from the block (bregma 0.1 mm to -0.86 mm) were labeled histochemically for BrdU (a marker for proliferation cells), 2″, 3″-cyclic nucleotide 3′-phosphodiesterase (CNPase, a marker of mature oligodendrocytes), and chondroitin sulfate proteoglycan (NG-2, a marker of oligodendrocyte progenitor cells).
Briefly, tissue sections were deparaffinized in changes of xylene and rehydrated in decreasing concentrations of ethanol. Sections were boiled in 10 mM citric acid buffer (pH 6) for 10 min. After washing with PBS, sections were incubated in 2.4 N HCl for 20 min at 37˚C. Sections were then incubated with 1% BSA containing 0.3% Triton-X-100 in PBS, followed by incubation with BrdU After staining, the series of six slides at various levels from the same block were used for semiquantitative measurements. Quantitative measurements of immunostaining were performed by an observer blinded to the individual treatment status of the animals. Regions of interest (ROIs) were defined in the SVZ, at the dorsal end of the lateral ventricle, as a zone with 100 µm width and 800 µm length, and in the subcortical striatum with 200 µm width in the peri-hemorrhagic striatum for counting BrdU + cells, CNPase + cells, NG-2 + cells, CNPase + BrdU + cells, and NG-2 + BrdU + cells positive signals. Images were collected with a 40× objective using a CoolSNAP color camera (Photometrics) interfaced with a MCID system.
For quantitation of vascular endothelial cell (VEC) proliferation, 8 fields from the subcortical striatum were digitized under a 40× objective. The percentage of BrdU-positive VECs to a total of VECs found in 10 enlarged vessels located in the subcortical striatum was measured in each section using the MCID imaging analysis system.
HP Expression
Animals for HP expression were sacrificed at 7 days after ICH. At sacrifice, all animals were intracardially perfused with ice-cold PBS and the brain tissue immediately frozen in dry ice and stored in a −80 ˚C freezer prior to protein extraction. The Hp levels in the hematomal boundary zone and contralateral striatum were determined using a rat Hp ELISA kit (ICL, Newberg, OR) according to the manufacturer's instructions.
Results
Neurobehavioral Tests
To determine whether Tβ4 treatment regulates functional outcome after ICH in rats, we performed the corner turn and mNSS tests (Figure 1) . All rats had normal scores for both neurobehavioral tests at baseline (Pre-ICH) and displayed similar neurological impairments at day 1 after ICH. No significant differences were found between treatment groups prior to 4 days post-ICH. Corner testing scores for all Tβ4 groups improved marginally at 1 week and significantly at 2, 3 and 4 weeks post-ICH compared to the saline-treated group. Significantly improved mNSS scores were found at weeks 1 to 4 in the Tβ4-treated groups compared with the saline-treated group. The 12 mg/kg Tβ4 group appeared to show mildly greater improvement compared with the 3 mg/kg Tβ4 group in the corner test at 4 weeks post-ICH, but these findings were not statistically significant. Improvement of mNSS was significant at 4 weeks in the 12 mg/kg Tβ4 group when compared to the 3 mg/kg Tβ4 group.
Cell Proliferation
Staining with BrdU, an analog of thymidine, is commonly used to detect proliferating cells. Figure 2 demonstrates that a statistically significant effect on the number of BrdU+ cells was noted in the SVZ and the boundary zone around the hematoma at 4 weeks after ICH, compared with results in the control group. Marginally increased cell proliferation was noted in the 12 mg/kg Tβ4 group compared with the 3 mg/kg Tβ4 group. Angiogenesis may stimulate neurogenesis and enhances functional recovery after ICH. Enlarged and thin-walled vessels, containing BrdU immunoreactive positive endothelial cells are indicative of angiogenesis. Therefore, in the present study, BrdU-positive endothelial cells within a total of 8 enlarged and thin walled vessels located in the subcortical striatume were counted in each section. Figure 3 shows that BrdU-positive vascular endothelial cells (VECs) increased significantly in the Tβ4 treatment groups compared with control animals. However, there was no significant difference in VEC proliferation between the treatment groups. These findings suggest that Tβ4 promotes endothelial cell proliferation and angiogenesis.
Treatment with Tβ4 Increases OPCs and Mature Oligodendrocytes
NG-2 (a marker of OPCs) and CNPase (a marker of myelinating oligodendrocytes) were measured to address whether Tβ4 treatment affects OPCs and mature oligodendrocytes. Significant increases in actively proliferating OPCs were demonstrated within the peri-hematomal area and the SVZ at 4 weeks after ICH, when compared with the saline-treated group. Although no significant difference was detected among the 3 dose groups, the high-dose treatment (12 mg/kg) showed the greatest augmentation in the number of OPCs. Treatment with Tβ4 significantly increased the number of mature oligodendrocytes only in the peri-hematomal area region but not in the SVZ. Similarly, no significant difference was detected among the 3 dose groups in the number of CNPasepositive signals. To investigate whether the increasing OPCs and mature oligodendrocytes is correlated with functional outcome in rats, Pearson's correlation coefficient was performed to analyze the relationship between the mNSS score and the number of NG2-positive and CNPase-positive signals at 4 weeks after ICH at the high-dose treatment group. Our data showed that the score of mNSS was significantly inversely correlated with them in the striatum adjacent to the hematoma (Figure 4) .
Tβ4 Treatment Increases Oligodendrogenesis in the Brain of ICH Rats
Double immunostaining revealed that many NG2-positive cells in the peri-hematomal area and the SVZ were BrdU positive (Figure 5) , indicating that these NG2-positive cells are within the cell cycle. Tβ4 enhanced this proliferation. Some CNPase-positive cells exhibited BrdU immuno-reactivity within the peri-hematomal area after Tβ4 treatment (Figure 6 ). Since the mature oligodendrocytes are post-mitotic and unable to proliferate [29], these data suggest that the OPCs labeled with BrdU continue to divide before differentiating into myelinating oligodendrocytes after Tβ4 treatment.
Tβ4 Treatment Increases Haptoglobin (Hp) Expression in Brain Tissue
To analyze Tβ4-affected ICH rat brain for Hp protein, Hp protein levels in the striatum around the hematomal area were measured. The result showed a significant increase (0.044 ± 0.003 ng/mg, p < 0.05) at least 7 days after the onset of ICH, compared with saline-treated animals (0.031 ± 0.004 ng/mg). Similar to the increase of Hp in brain tissue, Tβ4 triggered a significant increase of Hp (2.23 ± 0.24 mg/dl, p < 0.05) in the peripheral blood as compared with the control group (1.38 ± 0.13 mg/dl). Functional tests showed improved neurological recovery at 7 days after ICH. These results suggest that increasing Hp in response to Tβ4 may help protect the ICH-affected brain. Our preliminary data suggest that administration of Tβ4 improves neurological functional outcome after ICH. The improved outcome may be attributed to increasing OPCs and over-expressing Hp against Hb (hemoglobin)-mediated toxicity [30] [31].
Discussion
In the present study, Tβ4 significantly improved neurological outcome after experimental ICH. ICH induced oligodendrocytic progeny and Hp expression, and Tβ4 increased ICH-induced oligodendrocytic progeny and Hp expression in young adult rats. These data suggest that amplification of OPC proliferation is a mechanism of Tβ4 treatment efficacy post-ICH in rats that coincides with increased Hp expression.
Tβ4 in doses up to 60 mg/kg shows no adverse reactions in rodent, dog and human models [32] . A toxicity study in Beagle dogs, however, observed salivation for a short time post administration at doses of 25 and 60 mg/kg [32] . In a randomized, double-blind, placebo-controlled, dose-response study, volunteers were given Tβ4 intravenously over a dose range of 42 -1260 mg (18 mg/kg average 70 kg adult) and no dose-limiting toxicities or serious adverse events occurred. The most frequent adverse events are headache and upper respiratory infection. According to these findings and our previous studies in stroke and TBI [20] [26], the mid-level doses ranged from 3 -12 mg/kg. A biodistribution study of synthetic Tβ4 in normal mice provides evidence that intraperitoneal injection of 400 µg Tβ4 increases the concentrations of Tβ4 significantly in a variety of organs from the first 40 min to 2 h after injection compared to baseline concentrations. These organs include the brain (72 µg/g vs 42 µg/g), heart (80 µg/g vs 37 µg/g), liver (15 µg/g vs 9 µg/g), kidneys (65 µg/g vs 28 µg/g), and peritoneal fat (47 µg/g vs 13 µg/g) [33] . Our previous magnetic resonance study (MRI) study demonstrated that BBB permeability is increased after ICH [22] and the improved neurological function after Tβ4 treatment suggests that exogenous Tβ4 can cross the BBB.
Tβ4 is a G-actin binding protein that has been implicated in reorganizing actin cytoskeleton, which is needed for cell mobility [34] . Tβ4 has diverse biological functions based on its ability to affect cell behavior or in a pa-racrine role [34] . Tβ4 has been shown to promote healing in both wounds and corneal injury by increasing cell migration and reducing inflammation [11] [35] [36] . The wound-healing properties of Tβ4 were tested in a clinical trial [37] . In myocardial infarction animal model studies, Tβ4 was shown to promote the survival of cardiomyocytes and improve cardiac function [37] . Tβ4 has been found to be widely distributed in the mammalian central nervous system [15] [16] and it is expressed in most neural cell types of the developing brain and in subsets of neurons and microglia [17] . Exogenous Tβ4 has also been shown to promote the recovery of animals after ischemic stroke and brain trauma [18] . Our current data demonstrate that Tβ4 has the potential for treatment of ICH.
Tβ4 expression is up-regulated in many neurological diseases and its presence in the nervous system likely plays a role in neuroprotection, synaptogenesis, axon growth, cell migration, and changes in plasticity [18] [19] . Previous studies demonstrate that treatments promoting angiogenesis and neurogenesis significantly improve functional recovery after stroke and TBI. Tβ4 may have benefit after ICH by influencing different aspects of the injury/recovery process at different times: early after ICH, Tβ4 may promote endovascular protection, whereas later after 1 day, there may be induction of neurorestoration. ICH induces thrombosis in surrounding brain tissue, as does TBI. This thrombosis can play a role in the spread of cellular injury from the ICH/traumatic core. The influence of the Tβ4 on brain plasticity likely overlaps with reduction of thrombosis at the early time points, but beyond 1-3 days, the influence of the Tβ4 is probably no longer reduced thrombosis, but rather induced neurorestoration. In this study, we chose the therapeutic time at 24 hours post ICH to investigate the effects of Tβ4. Our results show that Tβ4 treatment promotes not only angiogenesis but also neurogenesis in the injured cortex and SVZ.
White matter injury, involving both axons and myelin-producing oligodendrocytes, contributes to mechanical injury, transport defects, ischemia and oxidative damage after ICH. Injury to white matter affects motor, sensory and cognitive function [38] . In our model the mNSS (a comprehensive motor and sensory test) and the cornering turn test (sensory and motor) results consistently indicate decreased neurological function after ICH. Therefore, an important therapeutic approach is to improve the neurological outcome after ICH by targeting repair of white matter damage in the parenchyma via stimulation of OPCs. A previous study in an ischemic stroke model showed that Tβ4 improves remyelination repair by increasing the OPCs and mature oligodendrocytes [26] . Similarly, our data showed that Tβ4 enhances the remyelination process when used to treat ICH.
Hp is an acute-phase a2-acid response plasma protein known for blocking Hb-induced oxidative toxicity. It binds with Hb and forms irreversible Hp-Hb complexes [39] . Hp is detected principally in the circulating blood and some peripheral organs and is present at very low levels in normal brain. After ICH, the expression profile of Hp in the brain is increased [40] [41] , suggesting that Hp may represent an endogenous factor normally involved in neutralizing the toxicity of hemolytic products in ICH-affected brain. Hp in brain is almost exclusively synthesized by oligodendrocytes as demonstrated in in vivo and in vitro models of ICH [42] . Oligodendrocytes themselves are highly vulnerable to oxidative stress [43] and could easily be damaged by hemolytic products. In this study our results show that Hp is increased in the brain tissue after Tβ4 treatment. This result combined with the increase of oligodendrocytes, suggests that Tβ4 treatment may promote oligodendrogenesis after ICH and the subsequent overexpression of Hb-neutralizing Hp.
Conclusion
In conclusion, we demonstrate that administration of Tβ4 24 h after ICH improves functional neurological outcome. Our data suggest that a remyelination repair process by the increase in OPCs and mature oligodendrocytes contributes to functional improvement. Our study is a proof-of-concept study, and further preclinical dose response studies are warranted to investigate Tβ4 and its potential role in the treatment of ICH.
